The amorphous carbon layer (ACL), used as the hardmask for the etching of nanoscale semiconductor materials, was etched using O 2 /CHF 3 in addition to O 2 /N 2 using pulsed dual-frequency capacitively coupled plasmas, and the effects of source power pulsing for different gas combinations on the characteristics of the plasmas and ACL etching were investigated. As the etch mask for ACL, a patterned SiON layer was used. The etch rates of ACL were decreased with the decrease of pulse duty percentage for both O 2 /N 2 and O 2 /CHF 3 due to decrease of the reactive radicals, such as F and O, with decreasing pulse duty percentage. In addition, at the same pulse duty percentage, the etch selectivity of ACL/SiON with O 2 /CHF 3 was also significantly lower than that with O 2 /N 2 . However, the etch profiles of ACL with O 2 /CHF 3 was more anisotropic and the etch profiles were further improved with decreasing the pulse duty percentage than those of ACL with O 2 /N 2 . The improved anisotropic etch profiles of ACL with decreasing pulse duty percentage for O 2 /CHF 3 were believed to be related to the formation of a more effective passivation layer, such as a thick fluorocarbon layer, on the sidewall of the ACL during the etching with O 2 /CHF 3 , compared to the weak C-N passivation layer formed on the sidewall of ACL when using O 2 /N 2 .
INTRODUCTION
For the patterning of nanometer scale semiconductor devices, shorter wavelengths of the light source for the photolithography from 193 nm ArF excimer laser to 13.56 nm extreme ultraviolet (EUV) are investigated to increase the resolution of photolithographic process. [1] [2] [3] [4] [5] The use of shorter wavelengths of the light source also tends to decrease the thickness and the stiffness of the photoresist due to lower depth of focus at shorter wavelengths. Therefore, critical problems such as pattern collapse and distortion, low etch selectivity, etc. are observed during the plasma etching, especially for the high aspect ratio contact etching. Therefore, as the etch mask for the nanometer scale device processing, hard mask materials composed of a multi-layer resist structure are used as the etch mask for the processing of devices on a nanometer scale to increase the etch selectivity between the etch mask and the materials to be etched, such as contact SiO 2 , due * Author to whom correspondence should be addressed. † These two authors contributed equally to this work.
to the difficulty in etching the materials directly using a single layer photoresist only. [6] [7] [8] Among the various hard mask materials, amorphous carbon layer (ACL) has been widely used due to the high etch selectivity over a photoresist and Si-based materials, easy deposition, and easy removal after the dry etch process. [9] [10] [11] [12] However, the etching of ACL using conventional oxygen chemistry tends to show non-ideal etch profiles such as bowing, necking, taping, and increased top/bottom open CD ratio. 13 Therefore, various additive gases such as N 2 , H 2 , HBr, etc. have been added to oxygen to improve the etched ACL profile by the passivation of the sidewall. [14] [15] [16] [17] However, as the pattern size is decreased further down to tens of nanometers, the effect of those additive gases was not sufficient to maintain the anisotropic etch characteristics of ACL using the conventional oxygen-based plasma for sidewall passivation, due to a thin passivation layer remaining during the etching.
Recently, pulsed plasma techniques have been widely investigated for the highly selective etching of dielectric materials. By using rf pulsing, that is, by turning on and off the rf power periodically at a certain frequency during the etching, several advantages have been reported, including improvement of the etch characteristics and reduction of the plasma-induced damage due to more effective control of the gas dissociation and ion bombardment energy. [18] [19] [20] [21] The pulsed plasma is one of the most promising candidates for the control of radical ratios in the plasma. It is believed that the ACL etch profile can be also improved by using pulsed plasmas by the formation of effective passivation layer on the sidewall. In this study, the effect of the pulsed plasma technique has been investigated in the etching the ACL layer using a dual-frequency capacitive coupled (DF-CCP) oxygenbased plasma and, in addition to the rf plasma pulsing, the effect of different gases to O 2 , including N 2 and CHF 3 , on the ACL etch characteristics, which can result in the formation of a passivation layer on the ACL surface during the etching for the anisotropic etching, was also examined. Therefore, in this study, the effect of pulsing for different gas additives on the etching characteristics of ACL was investigated in the 60/2 MHz DF-CCP.
EXPERIMENTAL DETAILS
The 60/2 MHz pulsed DF-CCP system used in this study is shown in Figure 1 . The rf discharge was maintained between two parallel plate electrodes separated by 30 mm. The top electrode was covered with a perforated silicon plate to flow the reactive gases uniformly and it was connected to a 60 MHz rf power (HF) source which can be pulsed to control the plasma characteristics. The 60 MHz rf power was pulsed at 1 kHz of pulse frequency with the duty percentage from 100% (continuous wave: CW) to 25%. A continuous wave 2 MHz rf power was applied to the substrate while keeping the same average bias voltage. The reactor was evacuated by a turbo molecular pumps (3200 l/s) backed by a dry pump. The gas was equally distributed through a baffle system from the top electrode.
The 600 nm thick ACL deposited on SiO 2 wafers was masked with 70 nm thick SiON layer as the etch mask for ACL. (A very thin photoresist layer used for the pattering SiON layer is remained on the SiON layer, however, it is completely removed during the initial etch period of ACL etching and the SiON layer is exposed.) The etch characteristics of the ACL were investigated using O 2 /N 2 (40/60 sccm) mixture and O 2 /CHF 3 (40/60 sccm) mixture in the 60 MHz source power/2 MHz bias power at 200 W/−300 V and the operating pressure of 20 mTorr while keeping the substrate temperature at room temperature. The optimized gas mixture ratios of O 2 /N 2 and O 2 /CHF 3 used in the experiment were determined by preliminary experiments at a CW source power condition.
The reactive radicals such as O, F, CF 2 , etc. generated in the rf pulsed plasmas were studied using optical emission spectroscopy (OES, Andor iStar 734). The chemical binding characteristics on the etched ACL surface were observed with an X-ray photoelectron spectroscope (XPS, VG Microtech Inc., ESCA2000) using a Mg K twinanode source, and the surface roughness of the etched ACL was analyzed with a high-resolution atomic force microscopy (HR AFM, INOVA). The profiles of the etched ACL patterns were observed by field emission scanning electron microscopy (FE-SEM, Hitachi S-4700).
RESULTS AND DISCUSSION
The effects of rf source power pulsing on the etch rates of ACL and SiON, and the etch selectivities of ACL/SiON were investigated for the gas mixtures of O 2 /N 2 (40/60 sccm) and O 2 /CHF 3 (40/60 sccm), and the results are shown in Figures 2(a) and (b), respectively. As the etch conditions, 200 W of 60 MHz source power and −300 V of 2 MHz bias voltage were used at the 20 mTorr of operating pressure. The pulse frequency of the 60 MHz source power was fixed at 1 kHz, and the pulse duty percentage was varied from 100% (CW) to 25%. As shown in Figure 2( Figure 2 . The OES peak intensities for O, F, and CF 2 were measured at 777 nm, 703 nm, and 235∼255 nm, respectively. In the case of N, it is known to be difficult to be measured due to the significantly low intensity. Instead, a few peaks related to N 2 excited states were measured between 300∼400 nm; therefore, in our experiment, the OES peak intensity at 337 nm was used as the N 2 excited intensity. As shown in Figure 3 (a), in the O 2 /N 2 plasma, the optical peak intensities of the O and N 2 excited states were decreased with decrease of the pulse duty percentage; however, when the optical peak intensity of O/N 2 was measured, the ratio was remained similar regardless of the pulse duty percentage. Therefore, it appears to show that the O atomic density remains similar during the pulse-on time regardless of the pulse duty percentage, even though the average O atomic density is decreased with decreasing pulse duty percentage. In Figure 3 Figure 4(b) , with decreasing the pulse duty percentage, the increase of the N peak intensity at 399.4 eV possibly related to the CN bonding on the etched ACL surface was observed. When the relative percentages of the different carbon binding states, such as C-C, CN, and C-O, deconvoluted from Figure 4(a) were measured, as shown in Figure 4(c) , the increase of CN bonding on the ACL surface was observed with decreasing pulse duty percentage possibly indicating the formation of a CN passivating Figure 5 (a) and the chemical binding state of F1s at 687.0 eV, possibly related to C-F x (x = 1∼3), was also observed for F1s in Figure 5 (b) on the ACL surface etched with O 2 /CHF 3 . Also, the relative percentages of the carbon binding states are shown in Figure 5 (c). As shown in Figure 5 (c), with decreasing the pulse duty percentage, significant increases of C-CF, CF, and CF 2 , indicating the thick fluorocarbon polymer passivation layer on the ACL surface could be observed possibly due to the increased CF x /F and CF x /O in the plasma with decreasing pulse duty percentage, as shown in Figure 3(b) . The increased ratios of CF x /F and CF x /O in the plasma increase the fluorocarbon polymer deposition thickness on the ACL surface and sidewall during the ACL pattern etching at the decreased pulse duty percentage.
The surface roughness of the ACL after etching with O 2 /N 2 and O 2 /CHF 3 was also measured using AFM as a function of pulse duty percentage and the results are shown in Figure 6 . For the AFM measurements, the ACL samples were etched about 600 nm with the conditions shown in Figure 4 . However, as shown in Figure 7 , sidewall necking and bowing of the etch profile was observed even after 25% pulse duty percentage possibly due to a thin/weak CN passivation layer formed on the sidewall, caused by the small change in the gas dissociation characteristics as a function of the pulse duty percentage for O 2 /N 2 . When O 2 /CHF 3 was used instead of O 2 /N 2 , as shown in Figure 8 , the remaining SiON thickness was thinner for all of the pulse duty percentages compared to the SiON thickness observed for O 2 /N 2 in Figure 7 due to the low etch selectivity of ACL/SiON. However, the etch profiles of ACL were more anisotropic, and the open critical dimension size was decreased with decreasing pulse duty percentage. The improved etch profile with decreasing pulse duty percentage was related to the more CF x radicals to the surface and the thicker C-F polymer formed on the sidewall surface of the etched ACL, caused by the significant change in the ratios of gas dissociation species such as CF x /O and CF x /F as a function of the pulse duty percentage.
CONCLUSIONS
The ACL was etched using O 2 /CHF 3 and O 2 /N 2 in source power pulsed dual-frequency capacitively coupled plasmas and the effects on the ACL etch characteristic were investigated as a function of the source power pulse duty percentage. The ACL etch rates and etch selectivities of ACL/SiON with O 2 /CHF 3 were lower than those with O 2 /N 2 . In addition, the ACL etch rates with O 2 /CHF 3 were further decreased than those with O 2 /N 2 with decreasing the pulse duty percentage. However, the etch profiles obtained with O 2 /CHF 3 were more anisotropic compared to those obtained with O 2 /N 2 , and more improved etch profiles could be observed with decreasing pulse duty percentage. The more improvement of the anisotropic etch profiles of ACL with decreasing pulse duty percentage for O 2 /CHF 3 was believed to be related to the formation of a more effective passivation layer on the sidewall of ACL during the etching with O 2 /CHF 3 through the significantly different gas dissociation characteristics, which affected the passivation layer characteristics by the pulsing. Therefore, it is believed that pulsing should be applied to a certain gas combination such as O 2 /CHF 3 , rather than O 2 /N 2 , which can significantly change the dissociated radicals affecting the etching by pulsing.
